Previous works proposed that aquaporins behave as mechanosensitive channels. However, principal issues about mechanosensitivity of aquaporins are not known. In this work, we characterized the mechanosensitive properties of the water channels BvTIP1;2 (TIP1) and BvPIP2;1 (PIP2) from red beet (Beta vulgaris). We simultaneously measured the mechanical behavior and the water transport rates during the osmotic response of emptied-out oocytes expressing TIP1 or PIP2. Our results indicate that TIP1 is a mechanosensitive aquaporin, whereas PIP2 is not. We found that a single exponential function between the osmotic permeability coefficient and the volumetric elastic modulus governs the mechanosensitivity of TIP1. Finally, homology modeling analysis indicates that putative residues involved in mechanosensitivity show different quantity and distribution in TIP1 and PIP2.
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with data from bacteria indicating that the expression of the aquaporin AQPZ is downregulated under hyperosmotic conditions [3] . Since then, it was accepted that cells protect themselves from hypoosmotic conditions by opening mechanosensitive ion channels, and from hyperosmotic conditions by downregulating the expression of aquaporins [3] . However, later works in plants and animals reported results suggesting that aquaporins could be mechanosensitive channels too [4] .
Several regulatory mechanisms are well known in aquaporins [5] [6] [7] [8] . Additionally, it was recently reported a regulatory mechanism mediated by the physical interaction among subunits, leading to the formation of heterotetramers with different rates of water transport and trafficking to the membrane [9, 10] . However, the regulation of AQPs mediated by membrane tension changes has not been clarified yet.
The effect of membrane tension changes had been proposed as a regulatory mechanism for the aquaporin AQY1 of the yeast Saccharomyces cerevisiae [11], AQPs from Zea mays [4] and the Chara corallina algae [12], human AQP1 (hAQP1) [13] , and TIP2;1 from the grapevine Vitis vinifera [14] . These and other works indicated that cell volume or pressure could be variables directly involved in the regulation of both plant and animal aquaporins under hyper-and hypo-osmotic conditions [4, 11, 12, 15, 16] . However, hAQP1 is the only aquaporin for which a direct membrane tensionmediated mechanism was tested [17] . By means of computer simulations, the mechanical behavior of Xenopus oocytes overexpressing hAQP1 was predicted during the osmotic response from the characterization of the mechanical state at equilibrium [17] . The regulation mechanism consists of the closure of hAQP1 induced by membrane tension increments, which would be cooperative involving all monomers in the tetramer [17] . However, no direct measurements of membrane mechanics and aquaporins function have been reported yet. In addition, it is not clear if mechanosensitivity is a general feature shared by all aquaporins or not, and it is not known how this sensitivity is regulated.
In this work, we present direct measurements of pressure and volume, simultaneously registered during the osmotic response of Xenopus oocytes expressing either BvTIP1;2 or BvPIP2;1 from the red beet (Beta vulgaris) under different osmotic and mechanical conditions. Our results, which directly link the functional properties of the aquaporins with the mechanical state of the cell, indicate that BvTIP1;2 is a mechanosensitive member of the aquaporin family, whereas BvPIP2;1 is not.
Materials and methods

Oocyte isolation
Adult female Xenopus laevis Nasco, Fort Atkinson, WI, USA were maintained in a room with controlled temperature (18°C) and a 12-h light-dark cycle. Each frog was kept in an individual tank with filtered water and was fed twice a week. Frogs were anesthetized for surgery by immersion in 0.3% tricaine (MS222) and oocytes were removed and prepared as previously described [13] . All procedures were performed according to the rules defined by the local Council for the Correct Use and Care of Laboratory Animals, which complies with the EU Directive 2010/63/EU. Selected cells had 1.2 to 1.4 mm of diameter, thus belonging to stage VI [18] .
Plasmid construction, in vitro synthesis, and translation
The complete coding regions of BvTIP1;2 and BvPIP2;1 (GenBank sequences: XM_010698008.2 and U60148.1, respectively) were cloned into the BglII and SpeI sites of a pT7Ts-derived vector containing T7 RNA polymerase promoter and carrying 5 0 and 3 0 translated region of the X. laevis b-globin gene for enhanced expression [9] . The cRNAs encoding BvTIP1;2 or BvPIP2;1 were synthesized in vitro with mMESSAGE mMACHINE T7 and T7-Ultra Kit, respectively (Ambion, Austin, TX, USA). Anti-reversed cap analog (ARCA) and poly (A) tailing reagents were used for BvPIP2;1 synthesis with the T7-Ultra kit [9] . The synthesized products were suspended at a final concentration of 1 µgÁµL À1 in RNAse-free water supplemented with Recombinant RNasin (Ribonuclease inhibitor, Promega, Madison, WI, USA) and stored at À20°C until used [19] . Before the injection, the cRNA was diluted in order to inject a proper amount per oocyte. For simplicity, we refer to TIP1 and PIP2 (instead of BvTIP1;2 and BvPIP2;1) along the Results and Discussion section.
cRNA microinjection
In all experimental series, the RNA injection was performed 24 h after isolation, using an automatic injector (Drummond Scientific Co, Broomall, PA, USA). For control experiments, oocytes were injected with water. Afterwards, all injected oocytes were kept at 18°C in ND96 solution (in mM: 96 NaCl, 2 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 5 HEPES; pH = 7.4), supplemented with 1 µgÁµL À1 gentamicin (GIBCO/ Life Technologies, Grand Island, NY, USA) [13] .
To maintain membrane integrity during osmotic experiments, injections were systematically done in the center of the vegetal pole. This assure easy identification of the resulting wound, which is aligned with the hole of the acrylic support in the emptied-out oocyte (EOO) technique (Fig. S1 ).
To discard possible effects due to differential expression among experiments, we performed control experiments to determine the osmotic permeability coefficient (P f ) as a function of injected masses of RNA (Fig. S2) . We defined the injected unit (IU) as 5 ng of RNA/oocyte. The osmotic experiments were performed 48 h after injection with an osmotic gradient created by dilution of ND96 (1/5 in all cases). Then, to test mechanosensitivity of BvTIP1;2 and BvPIP2;1, we decided to perform the experiments injecting the RNA masses of TIP1 and PIP2 that give the same P f values.
Simultaneous pressure and volume measurements with the EOO technique
Oocytes were emptied-out according to the previously published protocol [20] . The membrane of the emptied-out oocyte (EOO) was used as a diaphragm separating two compartments: a sealed chamber (33.6 lL), representing the 'intracellular' medium, and an open compartment (3.5 mL), representing the extracellular medium (Fig. S1 ). This allowed control over media composition on both sides of the membrane. The sealed chamber was connected by a thin catheter to a disposable clip-on dome prepared to receive an ADInstruments MLT844 physiological pressure transducer (pressure range: À20 to +300 mmHg; sensitivity: 50 lV/V/ mmHg; operating temperature range: +10 to +50°C). The piezoresistive transducer was connected via a ML224 Bridge Amp to a PowerLab 4/30 device (both from ADInstruments, Bella Vista, Australia). A 100 lL gastight Hamilton syringe, controlled by a horizontal translation stage, was connected to the other side of the clip-on dome to modify the initial volume-pressure conditions. Then, in EOO, the internal pressure variations could be simultaneously registered with volume changes. Each pressure registry was recorded at a rate of 1000 points per second. Each experiment was recorded by video-microscopy at a rate of 1 frame per second. The volume of the EOO was determined from images extracted from the video record, assuring that deviations from spherical geometry were less than 1%. Video records and image analysis were done as previously described [21] .
LABCHART 7 Pro data acquisition software v.7.2.2 was used for simultaneous recording with the pressure transducer and the video camera. Experimental data (pressure and volume) were extracted from records at a sampling rate of 1 point per second (Fig S3) . For clarity, results are presented at a rate of 1 point every 10 s.
Osmotic experiments
To vary osmolality but not ionic strength, solutions were prepared by adding mannitol to ND20 (in mM: 20 NaCl, 2 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 5 HEPES; pH = 7.4). The osmolalities of the solutions were measured with a vapor pressure osmometer (VAPRO 5520, Wesco, Logan, UT, USA). Each experiment started with the same solution in both the open and closed chambers (iso-osmotic condition). After 60 s, the external solution was replaced by a hypo-osmotic one. Each experiment was registered taking 1 frame per second during 6 min under hypo-osmotic conditions. The experimental setup allows fast exchange of the external solution by perfusing the open chamber (~3.5 mL of volume) with 20 mL in 10 s, maintaining the image on focus [13] . All the experiments were performed at 20°C.
Determination of the water flux, the permeability coefficient, and the volumetric elastic modulus
The water flux (J w ), the water permeability coefficient (P f ), and the volumetric elastic modulus (E) were determined for each experiment within the first 30 s of the osmotic response, i.e., 30 s after changing the external solution [13, 17] . J w was determined from the initial slope of the volume time course, being t = 0 the last frame just before changing the external solution. P f was determined from the phenomenological osmotic law: J w = P f. A. V w. Dosm, where Vw is the molar volume of water (18 mLÁmol À1 , considered constant under the experimental conditions of our experiments), and A and Dosm are the measured surface area of the oocyte and the osmotic gradient, respectively. E is defined as DP/DV/V [22] , i.e., an elastic coefficient (DP/DV) relative to the volume of the system. As the PÀV curve is nonlinear, then E was determined at regular volume intervals. Both DP and DV were calculated as differences between the measured values in between consecutive intervals.
Setting of the initial experimental conditions
The initial volume and pressure of EOO can be controlled by means of the Hamilton syringe [13, 17] . The pressure of the EOO is the difference (DP) between the closed and the open chambers, and the initial tension of the membrane system (T) is determined by the initial DP [17]. In experimental series with different osmotic gradients, the initial DP was set to zero. In experimental series with both fixed osmotic gradient (100 mM mannitol) and different initial tensions, the initial experimental conditions were set up by displacing the plunger of the 100 µL Hamilton syringe by 0, 40, 100, 200 µm, using a micrometer screw gauge. In this way, the membrane was set up to a new mechanical state. According to Laplace Law, in a spherical system under mechanical equilibrium, T is proportional to the product between DP and the radius of curvature (r) [23] . As the spherical geometry of the system was ensured, and that DP and volume were measured, then displacements of the plunger produced different initial tensions, i.e., T 1 , T 2 , T 3 , and T 4 .
Homology modeling
To explore the location of GxxxG motives, we built homology models (HM) 
Statistical analysis
Otherwise indicated, results are reported in the form of means AE SEM. Significant differences were determined with the Mann-Whitney test.
Results and Discussion
Water fluxes measured in PIP2-or TIP1-expressing oocytes show different dependence with the osmotic gradient
In this work, we tested the mechanosensitive properties of BvPIP2;1 and BvTIP1;2 aquaporins by means of the EOO technique. This methodology gives simultaneous information about transport activity of these channels altogether with the mechanical behavior of the system during the osmotic response. For clarity, we begin the analysis of results separately, starting by the functional activity of PIP2 and TIP1, and following with the mechanical analysis. Figure 1 shows the volume and pressure time courses simultaneously registered in EOO expressing either PIP2 (Fig. 1A) or TIP1 (Fig. 1B) , under different osmotic gradients (Dosm).
The osmotic flux (J w ) was determined from the first 30 s of the osmotic response. The linear relationship ruled by the osmotic law between J w and Dosm is accomplished in the case of water-and PIP2-injected oocytes ( Fig. 2A) . However, a deviation from linearity is observed with TIP1 and osmotic gradients higher than 100 mM mannitol ( Fig. 2A) . TIP1 shows a J w ÀDosm response similar to that reported for hAQP1 [17] , suggesting that both aquaporins have a similar mechanosensitive threshold. On the other hand, PIP2 seems not to be a mechanosensitive aquaporin. However, a more general proposition can be stated that PIP2 has, at least, a different threshold for mechanosensation.
According to the phenomenological osmotic law, the proportionality constant between J w and Dosm (per unit area at a given temperature) is the osmotic permeability coefficient (P f ). Therefore, these results suggest that PIP2 maintains the P f value in all the different Three different osmotic conditions were tested: 60 mM, 100 mM, and 200 mM. Symbols and color code are the same for all panels. These gradients were generated by adding different mannitol concentrations to ND20 solution. At t = 0, the external solution was replaced by a hypo-osmotic solution. In all cases, the initial pressure was set to zero. Each record represents the mean AE SEM of three or four independent oocytes, obtained from different frogs. In A, the gradients were: 66 AE 1; 105 AE 8; 203 AE 1 mOsmolÁKg w
À1
. In B, the gradients were: 66 AE 1; 92 AE 1; 200 AE 4 mOsmolÁKg w
. Oocytes were injected with 1 IU of PIP2 or 2 IU of TIP1.
osmotic conditions tested, but TIP1 does not. As: (a) J w and P f determinations were made within a temporal window where changes of area and osmotic gradients can be neglected (< 30 s after the beginning of the osmotic response [13,17]); and (b) the mechanical effects of the vitelline envelope are negligible at small volume changes (< 10%; [28] ), then the nonlinear relationship observed between J w and Dosm with TIP1-injected oocytes could be explained by a P f decrease in the experiments with 200 mM mannitol gradients (Fig. 2B) . In addition, control experiments with whole oocytes expressing either PIP2 or TIP1 guarantee that oocytes from different batches exhibit similar P f values (Fig. S4) . These control experiments were performed with the same osmotic gradient and in parallel with the EOO experimental series. Therefore, the P f decrease observed in TIP1-expressing oocytes with 200 mM gradients can be attributed to closure of the channel, mediated by a mechanical gating mechanism.
PIP2-or TIP1-expressing oocytes subjected to different osmotic gradients show similar mechanical responses
The functional analysis indicates that TIP1 but not PIP2 could be a mechanosensitive aquaporin. Therefore, we analyzed the mechanical behavior of those PIP2-and TIP1-injected oocytes. Pressure (P) and volume (V) data were used to build the PÀV curves of each experiment (Fig. 3) . All the PÀV curves show a monotonic increasing nonlinear function, confirming the prediction previously made by means of a mathematical model developed for EOO with hAQP1 [17] . The slope of the PÀV curve at each volume defines the elastic volumetric coefficient (E) [17, 22, 28] . As can be deduced from plots shown in Fig. 3 , the value of E increases with volume. Present results show that the mechanical behavior of EOO is not significantly different at low volume changes among the three osmotic conditions tested with PIP2 and TIP1 (Fig. 3A,B, respectively) . In addition, the mechanical behavior is not significantly different between PIP2-or TIP1-injected oocytes until almost 10% volume increments. At V/V 0 between 1.082 and 1.083, the E values (KPa) for PIP2 under 60, 100, and 200 mM gradients are 0.48 AE 0.27, 0.29 AE 0.05, and 1.42 AE 0.82, respectively (n = 3-5). In the same conditions, the E values for TIP1 are 0.32 AE 0.23, 0.69 AE 0.61, and 0.86 AE 0.27, respectively (n = 3-4).
Two possible results can be expected by observing the osmotic response of different experiments at the same time: (a) that higher E values were observed with higher gradients; and (b) that similar E values were observed with higher gradients. Why are these two expected results possible? Because whether P f is constant (not regulated) or variant (capable of been regulated) produces two different scenarios. If P f is invariant, then experiments with higher gradients have the same P f value. As the linear function rules the relationship between J w and Dosm (characterized by P f ), then, under this scenario, the volume increase is faster with faster osmotic gradients. Therefore, if we begin to transit the PÀV curve from V/V 0 = 1 (t = 0), 30 s later E will be higher with higher gradients. This is the case of PIP2. However, if P f is downregulated by mechanical tension, then P f at 30 s must be lower than its initial value, because tension increases as both the volume and the consequent pressure increase. But, J w is still directly proportional to Dosm. Consequently, J w tends to be lower due to P f but higher due to Dosm. So, volume changes in this scenario (the case of TIP1) are not as fast as in the scenario 1. Then, transit along the PÀV curve occurs more slowly, and so E values at 30 s tend to show no differences with different osmotic gradients.
The osmotic permeability coefficient and the elastic volumetric coefficient are correlated in TIP1-but not in PIP2-expressing oocytes
Altogether, both functional and mechanical analysis implies that the relationship between P f and E would be different for PIP2 and TIP1. Figure 4 shows the plots of P f vs E determined 30 s after the beginning of the osmotic response, for PIP2 (Fig. 4A ) and TIP1 (Fig. 4B ). Statistical analysis indicates that P f and E are highly correlated in the case of TIP1 (correlation coefficient: À0.9) but not in the case of PIP2 (correlation coefficient: À0.3), confirming the inverse relationship between P f and E in the case of TIP1 (Fig. 4B) . As TIPs are preferentially located at the tonoplast (the membrane of the vacuole) and PIPs are preferentially located at the protoplast membrane [29] [30] [31] , then these results are consistent with structural and functional features of the plant cell. The inverse relationship between P f and E registered in oocytes expressing TIP1 (Fig. 4B) is consistent with the homeostatic role that the vacuole plays in plant cells. The vacuole is the organelle that regulates pH, ion concentrations, water potential, and turgor, among many other variables [32] . Thus, that TIPs were mechanosensitive aquaporins is consistent with their localization in a membrane that is constantly suffering tension changes, and whose function is crucial for turgor control [33] . On the other hand, plant cells are surrounded by a rigid cell wall [34] . Thus, the constant P f value registered in PIP2-expressing oocytes (Fig. 4A) is consistent with its location in a membrane that is mechanically protected by an external shell (the cell wall).
The osmotic permeability coefficient monotonically decreases with the increment of the volumetric elastic coefficient
To characterize the mechanosensitive response of TIP1, we performed osmotic experiments with the same gradient but starting from different initial tensions. Figure 5 shows typical EOO experiments where the membrane of TIP1-expressing oocytes was taken from its initial position to a new state. After ensuring that the system was at mechanical equilibrium (V and P constant), the external medium was replaced by a hypo-osmotic solution (t = 0). Like before, J w , P f , and E were determined 30 s after the beginning of the osmotic response. As results show, volume increments are slower with higher initial tensions (Fig. 5A) , which is consistent with higher initial values of E and lower J w . On the other hand, the rate of pressure change seems to reach a maximum with higher initial tensions (Fig. 5B) . The analysis of the PÀV curves of these experiments indicates that by starting from higher tensions, the EOO behaves as a more elastic system during the osmotic response (Fig. 5C ).
As these experiments were performed with the same osmotic gradient (100 mM mannitol), it is expected that if TIP1 is not mechanically regulated then P f values should not be different among them. However, a single exponential decay is observed between P f and E (Fig. 6) , indicating that TIP1 closes from the beginning of the osmotic challenge in a tension-dependent Fig. 5 . Osmotic responses of TIP1-expressing oocytes starting from different mechanical states. Volume (V/V 0 ) and pressure (DP) time courses of typical experiments simultaneously registered during the osmotic response of TIP1-expressing oocytes after setting the initial state (t = 0) to different mechanical conditions. T 1 to T 4 represent the initial membrane tension values (i.e., at t = 0, in mNÁm À1 ) calculated by the Laplace Law (T = DPÁr): T 1 = 0; T 2 = 3; T 3 = 44, and T 4 = 60. In all cases, the gradient (DOsm) was 98 AE 5 mM mannitol. Oocytes were injected with 1 IU of TIP1. In A, each volume record was normalized to the mean value of the stabilization step reached before the onset of the osmotic gradient (t = 0). In B, the mean pressure value of the stabilization step reached before t = 0 was subtracted to the entire record. (C) Pressure-volume plots of the experiments shown in A and B. The dash box shows the initial mechanical condition (DP = 0 and V/V 0 = 1) established before the beginning of the osmotic gradient (t = 0). Figure S6 shows a linear relationship between E measured 30 s after the beginning of the osmotic response and the initial tension (just before the beginning of the osmotic response). manner. As was observed in the experimental series with different osmotic gradients, the statistical analysis of these data shows that P f and E are highly correlated (Fig. 4B) . Moreover, Fig. S5 shows that by transforming P f into ln(P f ) then a similar correlation result is obtained in both experimental series shown in Figs 4B and 6. While reviews on MS ion channels are abundant [23, [35] [36] [37] [38] , 'mechanosensitive' is not a term usually used to refer to aquaporins. Most MS ion channels open with increasing membrane tension [36, 37] . However, the here tested TIP1 as well as human AQP1 [17] close with increasing tension, while PIP2 is not sensitive to membrane tension. Previous results have also point to the existence of an osmotic pressure-activated channel in red beet vacuoles that may mediate both cation and water fluxes [39] . Furthermore, our results are in line with previous data showing a marked decrease in the water permeability of wheat root cell membranes enriched in tonoplast when an increase in the osmotic pressure occurs, while this decrease in water permeability was not observed in plasma membrane vesicles [16] . Lastly, it is worth mentioning that another TIP channel, a TIP2;1 from Vitis vinifera, is able to change from an open to a close state in an internal pressure-dependent manner while being expressed in S. cerevisiae yeast cells [14] .
Which could be the clues of the different mechanosensitive properties between TIP1 and PIP2?
According to the 'force-from-lipid' principle of mechanosensitivity [36, 40, 41] , the inherent forces of the lipid bilayer are balanced with those of membrane proteins. In the lipids, a tension force is developed at the neck region, i.e., at the region between the polar heads and the nonpolar tails. This tension is balanced by repulsions between the head groups and the interior acyl tails. Additionally, proteins embedded in the bilayer are subjected to the contest between these forces. As the hydrophobic surfaces of the lipids and the proteins are balanced, then stretching of the membrane breaks this balance (hydrophobic mismatch). As consequence, the protein follows a conformational change (opening or closure of the channel) that establishes a new hydrophobic balance [36, 40, 41] . In agreement with this theory, it was reported that the unitary permeability coefficient of the M1 and M23 isoforms of rat AQP4 are dependent on the composition and mechanical properties of the membrane bilayer [42] .
A recent study on the interaction between membrane lipids and AQPs suggests a model of interchange between annular and bulk lipids, rather than a fixed annular 'shell' of lipids around the tetramer, as is the case for some potassium channels and other membrane proteins [43] . This model is conserved in 40 AQPs for which the crystal structure has been resolved. According to the model, the principal contacts occur between Trp, Tyr, Arg, and Lys residues and the membrane at the head group region. In addition, results with AQP0 suggest that AQPs are likely to reside in relatively thin domains within the membrane [43] . However, these data are still too general to give light into the mechanosensitive features of AQPs.
On the other hand, knowledge about mechanosensitivity in ion channels can shed some light on mechanosensation in aquaporins. According to a recent review, the transmembrane (TM) signature sequence GxxxG [44] would also be a signature sequence for mechanosensation [45] . In the mechanosensitive channel MscS, this motif was suggested as facilitating helix movement during gating [46] . In aquaporins, this motif appears several times along the sequence. Therefore, to precisely locate the GxxxG motifs, we built homology models for both BvPIP2;1 and BvTIP1;2 (Fig. 7) . BvPIP2;1 has four GxxxG sequences located at the connection of TM2 with loop B, TM3, the connection of loop C with TM4, and TM6 (Fig. 7A) . On the other hand, BvTIP1;2 has five GxxxG sequences located at TM1, loop B, TM5, connection of loop E with TM6 (Fig. 7B) . Interestingly, the quantity and distribution of the GxxxG signature are quite different for both aquaporins. In TIP1, the GxxxG motifs are distributed both in the outer surface of the tetramer and in the pore zone, apparently in regions of monomer-monomer contacts. In PIP2, the GxxxG motifs are mainly localized in the outer surface of the tetramer. These differences in amount and localization of postulated mechanosensitive motifs could be in accordance with the different response to membrane tension found here. Future mutational analysis will help to disclose this issue. However, it must be stressed that the presence of the GxxxG sequence near both loops B and E in BvTIP1,2 is noteworthy because these loops invaginate into the membrane positioning the short a-helixes in a way that both NPA motifs face each other conforming the constriction filter of the aquaporin channel in the center of the membrane [47] . The location of the GxxxG sequence near the NPA motifs makes it a possible target for the 'force-from-lipid' principle of mechanosensitivity [36, 40, 41] .
Finally, as mechanosensation is considered an original sense of the first cells [36, 40, 41, 45] , the different mechanosensitive properties of TIP1 and PIP2 could represent important landmarks in the evolution of AQPs. If a cell swells due to the increase in the environmental water potential, then the membrane tension will increase. One possible way for the cell to protect itself from that environmental change could be through opening ion channels and/or closing aquaporins. According to a recent classification, PIP-like and AQP1-like aquaporins share a common ancestor, different from the TIP-like ancestor [48] . Therefore, based on our results, mechanosensitivity had to be present in a previous ancestor, existing before the separation of the PIP-like and TIP-like subfamilies.
In conclusion, to our knowledge, this is the first study linking the function of aquaporins heterologously expressed in a cell with the mechanical behavior of such a cell during the osmotic response. Like some ion channels, some aquaporins are also mechanosensitive channels. Like in ion channels, mechanosensitivity of AQPs could have been a very early mechanism that the first cells would have had to protect themselves from osmolality changes of the environment. 
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